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Introduction
Graft-versus-leukemia (GvL) activity following allogeneic hematopoietic stem cell transplantation (allo-HSCT) represents one of the most striking examples of effective human antitumor immunity and is the basis of curative responses observed in many patients with hematologic malignancies undergoing allo-HSCT (1, 2) . Over the past decade, reduced-intensity conditioning (RIC) regimens have been developed to decrease toxicities related to allo-HSCT, thereby broadening the availability of this potentially curative therapeutic approach to patients of advanced age or with comorbidities. Since the RIC regimen alone is insufficient for eradicating leukemia, the effectiveness of RIC allo-HSCT relies entirely on the GvL response. Indeed, several studies have documented that RIC allo-HSCT results in substantial decreases in treatment-related toxicity, while preserving the potential for curative responses (3) (4) (5) .
One disease for which the effectiveness of RIC allo-HSCT has been demonstrated is chronic lymphocytic leukemia (CLL), a malignancy of clonal mature B cells for which limited treatment options exist when in advanced stages. Early studies established that myeloablative allo-HSCT resulted in unacceptable morbidity in CLL patients, while RIC allo-HSCT could potentially provide an acceptable safety profile and effective leukemia control, even in patients with unfavorable clinical characteristics (6) . However, CLL patients treated with RIC allo-HSCT remain at high risk for eventual disease progression (4, (7) (8) (9) . Even with improvements in patient selection and supportive care, advanced CLL patients still have a 5-year progression-free survival rate of 64% (95% CI, 46%-78%) at best (10) . Thus, developing strategies to enhance long-term leukemia control with minimal toxicity remains a high priority (11) .
A mechanistic understanding of the basis of effective GvL responses following transplantation can provide clues as to what strategies can be implemented to advance long-term leukemia control following HSCT. We and others have demonstrated that GvL responses are initiated and sustained by the development of coordinated cellular and humoral immunity against tumor antigens and are not limited to a sole alloantigen response (12) (13) (14) (15) . These studies have further suggested that individual patients have unique profiles of immunogenic tumor antigens, likely reflecting the heterogeneity of the genetic alterations found in tumor cells from different patients as well as the diversity of HLA (12) (13) (14) (15) . Based on these principles, vaccination with autologous, irradiated leukemia cells is an attractive approach to expand leukemia-reactive T cells, since this cancer vaccine formulation reliably includes personal tumor antigens and can potentially elicit polyclonal CD4 + and CD8 + antitumor T cell responses (16) .
This strategy is highly feasible in CLL, since leukemia cells from patients' blood, marrow, and lymph nodes can be readily procured for vaccine production. In the current study, we present the results of a phase I trial in which we tested the safety and feasibility of such an approach in patients with advanced CLL, while also testing the biologic effects of the vaccine. Whole leukemia cell vaccination was administered in the early posttransplant setting, since prior human studies have proven the safety of this type of approach following allo-HSCT (17) , and preclinical studies have underscored the potential for rapid effector T cell expansion and augmented activity of tumor-reactive T cells in the setting of lymphopenia (18) (19) (20) (21) . Herein, we demonstrate that vaccination with irradiated autologous leukemia cells admixed with irradiated GM-CSFsecreting bystander cells (22) between days 30 and 100 after allo-HSCT is associated with the induction of polyfunctional CLL-specific T cell responses and promising clinical activity in patients with advanced CLL. Our studies thus suggest that this strategy can effectively promote a beneficial GvL response following RIC allo-HSCT.
Results
A phase I clinical trial investigating whole tumor cell vaccination following RIC allo-HSCT to stimulate anti-CLL responses. In order to enhance polyclonal leukemia-reactive T cell responses with the potential to target personal tumor antigens following allo-HSCT, we designed a clinical protocol in which patients with advanced CLL, defined as intolerance to or relapse within 24 months of a fludarabinecontaining regimen, could receive irradiated autologous tumor cells in the early posttransplant period (Figure 1 ). Study participants were required to have adequate numbers of autologous CD19 + CD5 + leukemia cells collected from peripheral blood, bone marrow, or lymph nodes banked for vaccine development, as well as sufficient tumor cytoreduction prior to transplantation (i.e., no site of adenopathy greater than 5 cm). The transplant preparative regimen consisted of reduced-intensity doses of fludarabine (30 mg/m 2 /day) and busulfan (0.8 mg/kg/12 hours), administered for 4 days prior to infusion of unmanipulated G-CSF mobilized allogeneic peripheral blood stem cells (PBSCs) from a matched related or unrelated donor. Vaccination was initiated between posttransplant days 30 and 45 if patients demonstrated donor engraftment and no evidence of graft-versus-host disease (GvHD). Up to 6 vaccine doses, each consisting of 1 × 10 7 irradiated autologous tumor cells admixed with 1 × 10 7 irradiated K562 bystander cells secreting GM-CSF (GM-K562) (22) , were administered subcutaneously/intradermally once a week for 3 doses and then every other week for the following 3 doses. As GvHD prophylaxis, all patients received mini-methotrexate (5 mg/m 2 on days 1, 3, 6, and 11 after allo-HSCT) and tacrolimus, which was maintained at therapeutic levels (5-10 ng/ml) during the entire period of vaccination without taper. Vaccination was halted with the occurrence of any grade 4 toxicity, GvHD requiring therapy, or disease progression.
Of 54 CLL patients from whom leukemia cells were collected and banked, 32 did not proceed to RIC allo-HSCT due to disease
Figure 1
Clinical protocol schema. The study protocol was divided into two phases: (a) collection of autologous CLL cells from peripheral blood (PB), bone marrow (BM), or lymph node (LN), after which subjects underwent salvage chemotherapy; and (b) treatment, which included RIC, subsequent PBSC infusion, and posttransplant vaccination (up to 6 vaccine doses consisting of irradiated autologous tumor cells together with irradiated GM-CSF-secreting bystander cells) between posttransplant days 30 and 100, while maintaining stable GvHD prophylaxis.
Figure 2
Number of participants and reasons for exclusion of study subjects from the treatment phase of the clinical trial. progression (n = 20; 37%), enrollment obstacles (n = 8; 15%), or vaccine manufacturing failure (n = 4; 7%) ( Figure 2 ). In total, 22 subjects (41%) were enrolled in the study for potential CLL/GM-K562 cell vaccination following RIC HSCT (clinical characteristics provided in Table 1 ). Seven of these patients were transplanted with matched related donors (MRDs) and 15 with matched unrelated donors (URDs). All patients had advanced disease, having undergone a median of 3 (range, 2-11) prior therapies. Furthermore, patients' leukemia cells frequently expressed biological markers associated with aggressive disease (23, 24) . These included high expression of ZAP70 (16 of 22 subjects; 73%); unmutated immunoglobulin heavy-chain variable-region (IGHV) status (15 of 22 subjects, 68%); and high-risk cytogenetic features, including deletions in chromosomes 11q and 17p [sole del(11q), 9 of 22 (41%); sole del(17p), 5 of 22 (23%); del(11q and 17p), 4 of 22 (18%)] (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI69098DS1). Thirteen of 22 (59%) patients demonstrated persistent marrow disease involvement greater than or equal to 10% at the time of allo-HSCT (Supplemental Table 1 ).
Following HSCT, 4 of 22 (18%) study participants were precluded from vaccination due to the development of acute GvHD (aGvHD) before posttransplant day 45 (VAX0 group). The majority of patients (18 of 22; 82%) received a least one CLL/GM-K562 vaccine dose. Seven of 18 (39%) study participants received 1-3 (median 1) vaccines before developing aGvHD at a median of 49 days (range, 36-56) after HSCT, and thus did not continue to receive vaccines (VAX1-3 group). The remaining 11 of 18 (61%) vaccinated subjects received a median of 6 (range, 5-6) vaccines (VAX5-6 group) ( Table 1 and Supplemental Table 1 ).
Posttransplant CLL/GM-K562 vaccines are safe and demonstrate promising clinical activity. Overall, the leukemia vaccines were well tolerated, but mild, transient erythema (lasting 2-16 days) at the injection sites was observed in at least 58% of the patients after each vaccine dose (Supplemental Table 2 ). Only 1 subject (Patient 3) developed a grade 4 event (neutropenia) with a possible attribution to autologous tumor cell vaccination, and vaccine treatment was subsequently stopped (Supplemental Table 3 ). At 1 year after HSCT, the incidence of grades II-IV aGvHD was similar between the 18 vaccinated subjects (39%; 95% CI, 17%-61%) and the 42 historical control CLL patients who underwent RIC allo-HSCT at our institution between 2004 and 2009 (31%; 95% CI, 18%-46%) (ref. 10 and Table 2 ). Similarly, we observed comparable incidence rates of 2-year cumulative chronic GvHD (cGvHD) between vaccinated study subjects (68%; 95% CI, 35%-87%) and historic controls from our center (63%; 95% CI, 48%-76%) (ref. 10 and Table 2 ).
The majority of patients who initiated vaccination (16 of 18; 89%) showed evidence of clinical response at 6 months after allo-HSCT. At this time, we observed 10 complete remissions (CRs) and 6 partial remissions (PRs). One of 18 patients had stable disease (SD) and 1 subject (Patient 9) who entered the trial with highly advanced disease initially responded to treatment with CR before disease relapse at 4 months after allo-HSCT (Supplemental Table 1 ). At a median follow-up of 2.9 years (range, 1-4 years), 13 of 18 patients (72%) have remained in continuous CR; 1 patient has maintained SD; 3 patients developed progressive disease (17%) at a median of 9 months (range, 4-15), 2 of whom died of disease at 10 and 16 months; and the cause of death in 1 patient is unknown (Supplemental Table 1 ). Overall, we observed an estimated 2-year progression-free survival (PFS) rate of 82% (95% CI, 54%-94%) and an overall survival rate of 88% (95% CI, 59%-97%) among the 18 vaccinated patients ( Table 2) . Early posttransplant CLL/GM-K562 vaccination has a modest impact on T cell recovery. Donor-host chimerism analyses at 30 and 120 days after allo-HSCT revealed comparable donor engraftment of total PBMCs and CD3 + T cells among VAX5-6, VAX1-3, and historical control patients who received RIC allo-HSCT for advanced CLL, but none of these patients received the vaccine or developed GvHD within the first 100 days after transplantation (Supplemental Table 4 and Supplemental Figure 1A ). To determine the influence of early posttransplant CLL/GM-K562 vaccination on the kinetics of T cell immune reconstitution, we subjected freshly drawn peripheral blood samples to immunophenotyping at serial time points before and after HSCT between days 30 and 180. While the recovery of absolute T cell numbers and the balance between CD8 T cells and regulatory T cells (CD4 + CD25 + CD127 -) were not significantly altered in VAX5-6 or VAX1-3 patients compared with controls, we observed a differential expansion of CD8 + versus CD4 + T cells (VAX5-6 vs. control at day 60; P = 0.052) and an expansion of absolute effector memory T cell numbers (VAX5-6 vs. control at day 45; P = 0.041) in VAX5-6 patients between posttransplant days 45 and 60 (Supplemental Figure 1 , B-E). On day 45, seven of eight VAX5-6 patients from whom samples were available for analysis had already received the first two vaccine doses and received the third dose before day 60.
Systemic tumor-specific T cell responses develop following CLL/GM-K562 vaccination. The presence and expansion of antigen-specific CD8 + T cells have been associated with tumor regression following allo-HSCT or donor lymphocyte infusion (DLI) (13, 15, 25) . We sought to determine whether tumor-specific CD8 + T cell reactivity was enhanced by autologous tumor cell vaccination, beyond the effects of allo-HSCT alone. To this end, we established panels of cell targets for each study subject based on our current understanding of how the expression of target antigens can direct GvL or GvHD effects (26) . These panels consisted of recipient tumor, recipient phytohemagglutinin-M-stimulated (PHAstimulated) T cell blasts, and recipient skin fibroblasts and were used to test reactivity of serial pre-and post-HSCT patient CD8 + T cell samples. As depicted in Figure 3A , reactivity against all three targets was interpreted to reveal reactivity directed predominantly against broadly expressed alloantigens. Reactivity limited to recipient tumor and PHA blasts was consistent with a response to alloantigens expressed on hematopoietic tissue, and reactivity restricted to autologous tumor was consistent with a tumor-specific response. Figure 3B shows a representative example of the pattern of reactivity, detected by IFN-γ ELISpot, that we consistently observed among eight VAX5-6 patients whose T cell responses were tested ( Figure 3C , left panel). In the example shown in Figure 3B , we detected CD8 + T cell reactivity against autologous tumor cells, but not alloantigen-bearing recipient cells (PHA T cell blasts and fibroblasts), starting from posttransplant day 60 (after the patient received 3 of 6 vaccines). Among the eight VAX5-6 patients, a peak response against autologous tumor cells was reached at approximately day 60 after transplantation (days 60, 90, and 120: tumor vs. fibroblast CD8 + T cell reactivity, P = 0.031, 0.031, and 0.031, respectively; day 60: tumor vs. PHA T cell blast CD8 + T cell reactivity, P = 0.063) ( Figure 3C , left panel). In contrast, circulating CD8 + T cells isolated from control patients who underwent RIC allo-HSCT for advanced CLL but did not receive cancer vaccines or develop GvHD during the first 100 days following HSCT, demonstrated no increase in T cell reactivity against tumor-associated antigens or alloantigens within the observation period (day 60: VAX5-6 vs. control group CD8 + T cell reactivity against autologous tumor, P = 0.035) ( Figure 3C , right panel). Broad CD8 + T cell reactivity, consistent with an alloantigen response, was observed in VAX1-3 study subjects who developed GvHD in the early posttransplant period ( Figure 3C , middle panel). These results suggest that autologous tumor cell-based vaccination can potentially direct the specificity of reconstituting T cells against tumor antigens, even in the presence of immunosuppressive medication.
Polyfunctional tumor-reactive CD8 + T cell responses are induced following CLL/GM-K562 cell vaccination. Recent studies have suggested that polyfunctional T cells, which produce multiple cytokines and chemokines in response to antigen stimulation, are a key indicator of the efficacy of antiviral and antitumoral cell-mediated immune responses (27, 28) . In addition to characterizing IFN-γ responses (described above), we also performed simultaneous assessment of secreted GM-CSF, TNF-α, IL-2, and IL-10 from culture supernatants after 24-hour coculture of serial pre-and post-HSCT CD8 + T cell samples with recipient leukemia cells or recipient alloantigen targets. Consistent with the IFN-γ ELISpot data, CD8 + T cells isolated from VAX5-6 patients (n = 6) showed significantly increased reactivity and augmented secretion of the effector cytokines GM-CSF (posttransplant days 60, 90, and 120: VAX5-6 A Cause of death: disease (n = 2); severe GvHD (n = 1); unknown (n = 1) (see Supplemental Table 1 ).
vs. control group CD8 + T cell reactivity, P = 0.014, 0.028 and 0.052, respectively), TNF-α (days 60 and 90: VAX5-6 vs. control group, P = 0.035 and 0.052), and IL-10 (days 60, 90, and 120: VAX5-6 vs. control group, P = 0.040, 0.088 and 0.049; day 60: VAX5-6 vs. VAX1-3/GvHD group, P = 0.033) in response to stimulation with autologous CLL cells compared with CD8 + T cells obtained from VAX1-3/GvHD patients (n = 4) or control patients who received RIC allo-HSCT for advanced CLL but did not receive the vaccine or develop GvHD within the first 100 days after transplantation (n = 5) ( Figure 4 ). Of note, VAX1-3/GvHD patients received additional systemic corticosteroids for GvHD therapy, which may have affected the cytokine secretion capability of the CD8 + T cells obtained from this patient cohort. Concomitant with the peak response of VAX5-6 CD8 + T cells against autologous tumor cells in IFN-γ ELISpot assays (Figure 3) , the amount of GM-CSF secreted by VAX5-6 CD8 + T cells in response to stimulation with tumor cells was highest on day 60 following HSCT and early posttransplant vaccination ( Figure  4A ). However, while CD8 + T cells isolated from VAX5-6 patients exhibit increased IFN-γ secretion in response to autologous tumor cells, but not to alloantigen-bearing recipient cells (Figure 3) , this tumor-specific T cell reactivity pattern was not observed for the secretion of other effector cytokines. CD8 + T cells obtained from VAX5-6 patients responded to autologous CLL cells and PHA T cell blasts, but not to skin-derived fibroblasts, with the secretion of high levels of GM-CSF and TNF-α (posttransplant day 60: tumor vs. fibroblast CD8 + T cell reactivity, GM-CSF, P = 0.094; TNF-α, P = 0.031; IL-10, P = 0.063; day 90: GM-CSF, P = 0.063, TNF-α, P = 0.031) ( Figure 4A and Supplemental Figure 2 , A and D). These results suggest that vaccination induces a mixed CD8 + T cell population that is capable of conducting a broad variety of effector functions upon recognition of hematopoietically associated alloantigens or CLL-associated antigens.
Reactivity to CLL-specific targets is induced by CLL/GM-K562 cell vaccination. To confirm that a proportion of T cells induced by vaccination indeed recognizes antigens with expression restricted to CLL cells, we used limiting dilution to isolate CD8 + T cell clones from bulk tumor-reactive T cells of 4 vaccinated study subjects at a median of 140 (range, 96-172) days after allo-HSCT (Table 3) . We subsequently tested these CD8 + T cell clones for reactivity against recipient tumor, PHA T cell blasts, and fibroblasts to determine their antigen restriction ( Figure 5 ). A median of 17% (range, 13%-33%) of the T cell clones solely reacted against CLL-specific antigens, 22% (range, 13%-35%) responded to recipient alloantigens with hematopoietic cell-restricted expression, and 4% (range, 0%-11%) of the T cell clones showed reactivity against alloantigens expressed by hematopoietic and nonhematopoietic recipient tissue ( Table 3 ). These results indicate that early posttransplant autologous tumor cell-based vaccination induced reactivity to CLL-specific targets.
Discussion
As toxicities related to allogeneic transplantation improve through the development of RIC regimens and better supportive care, disease relapse has become the primary driver of treatment failure, especially in patients with more advanced hematologic malignancies. Strategies to augment GvL responses without exacerbating GvHD are of utmost importance if we are to advance the application of RIC allo-HSCT (11) . To address this challenge, we devised a strategy in which patients with advanced CLL were vaccinated early after transplantation with irradiated autologous tumor cells together with GM-CSF as a cytokine adjuvant, with the goal of focusing the reconstituting donor T cells toward the elimination of malignant cells. We observed promising clinical activity and a favorable toxicity profile among the 18 vaccinated study subjects. While all study subjects were required to have a lymphadenopathy of less than 5 cm at the time of transplantation (a known feature associated with relative improved transplant outcome; refs. 9, 10), we also notably identified the emergence of polyclonal CLL-specific CD8 + T cell populations capable of a broad array of effector functions following this immunotherapeutic interven-tion. Consistent with prior studies demonstrating the induction of CLL-restricted T cells following RIC allo-HSCT (13), our studies now reveal that tumor cell vaccination can further expand this leukemia-specific population and thereby potentially improve outcomes after transplantation. Our findings thus demonstrate the feasibility of using immunotherapeutic strategies that aim to manipulate the specificity of T cell reactivity toward malignant cells following RIC allo-HSCT.
Our study adds to a growing body of clinical studies that established safety, feasibility, and biological activity of whole tumor cell-based vaccination for patients with hematologic malignancies (17, 29, 30) . A number of features unique to our vaccination approach may have contributed to the observed expansion of leukemia-reactive CD8 + T cell responses. First, by using whole autologous tumor cells as the immunogen, our vaccine could potentially provide not only a broad range of tumor-associated or tumor-specific antigens to stimulate B and T cell responses, but also an immunogen content that is personalized. This is a favorable strategy, since only a few CLL-specific antigens are known, a high degree of molecular heterogeneity between individuals with CLL exists (31) , and the complexity and diversity of HLA ensures vast immune epitope heterogeneity.
Second, the timing of vaccination following allo-HSCT may have been critical. The early weeks after transplantation have been conventionally regarded as a controversial platform for immunotherapy due to the immunosuppressive effect of GvHD prophylaxis and incomplete immune reconstitution, while later time periods have been demonstrated to be safe for tumor vaccination (32) . Preclinical models, however, have demonstrated the potential to manipulate host antitumor immunity early after HSCT. In particular, early posttransplant immunization with whole tumor cell vaccines resulted in sustained amplification and activation of tumor-specific T cell responses (18, 21) . Furthermore, a recent phase I study demonstrated minimal toxicity and immunogenicity of tumor cell vaccination initiated between posttransplant days 30 and 45 in patients with high-risk acute myeloid leukemia or myelodysplasia, despite the administration of a calcineurin inhibitor-based GvHD prophylaxis regimen (17) . This study, together with our current results, supports the idea that whole tumor-cell vaccination in the early posttransplant period can be beneficial. In particular, this approach takes advantage of donor T cells, which are undergoing rapid homeostatic expansion in the setting of lymphopenia after conditioning (20) and are not functionally compromised by immunosuppressive effects mediated through high tumor burden or chemotherapy. Although our study regimen had only a modest impact on recovering T cell subpopulations, reactivity of IFN-γ + CD8 + T cells from vaccinated patients was consistently directed against autologous tumor cells, but not alloantigen-bearing, nonmalignant recipient cells at the time of clinical response, demonstrating the specificity of our vaccine. Whether these observations translate into qualitatively improved immune recovery that in turn aids in immune competence and enhanced relapse control awaits further study.
Third, our vaccine incorporated GM-CSF as a cytokine adjuvant. The adjuvant effects of GM-CSF have been well demonstrated in a number of preclinical and clinical studies, and GM-CSF has become an attractive vaccine component because of its low-toxicity profile (16, 17, 29, (32) (33) (34) . Irradiated autologous whole tumor cells modified to secrete GM-CSF as well as irradiated allogeneic GM-CSF-secreting vaccines derived from established tumor cell lines have been explored in clinical trials for multiple tumor types (17, 29, (32) (33) (34) . Several studies have suggested that paracrine production of GM-CSF can alter the local microenvironment surrounding the tumor cell inoculum by stimulating the recruitment, maturation, and function of dendritic cells (17, (33) (34) (35) (36) , implying the augmentation of tumor antigen presentation. Despite its promise, this strategy was unavailable to lymphoid malignancies until the development of GM-CSF-secreting bystander cells (22) , since primary human lymphoid tumor cells are poorly transducible using conventional methodologies. Hence, the GM-K562 cells that we used in this study represent a reliable and standardized source of GM-CSF that broadens the availability of this active cytokine adjuvant (37) .
Recent studies have suggested that GM-CSF not only plays a critical role in the priming and effector phase of immune responses, but paradoxically, also serves a regulatory role in dampening responses and mediating immune homeostasis (38) (39) (40) (41) . We observed evidence of both pro-and antiimmune effects in vaccinated study subjects. On one hand, we observed a rise in circulating CLL-reactive CD8 + T cells that secreted a broad profile of effector cytokines, including GM-CSF, TNF-α, IL-2, and IL-10, in response to autologous tumor cells, equipping the tumor-specific CD8 + T cell population with multiple functions required for effective antitumor immunity (28) . On the other hand, we also observed a decline in vaccine-associated T cell responses at day 90 within the vaccination cycle, even with vaccination continuation. At the same time, we did not observe an excessive incidence or severity of GvHD (grades I and II, but not grades III and IV aGvHD was observed among the 18 vaccinated study subjects). Thus, we speculate that in the early posttransplant setting, GM-CSF delivered by GM-K562 cells may play a beneficial role in balancing the stimulation of antitumor immunity without exacerbating GvHD.
In summary, our findings suggest that autologous whole tumor cell-based vaccination is an exportable strategy to tip the balance between leukemia-specific and alloantigen-reactive immunity in favor of GvL. Further randomized studies with expanded patient
Figure 5
Reactivity patterns of T cell clones obtained from CLL/GM-K562-vaccinated patients. T cell clones obtained by limiting dilution from posttransplant tumor-reactive T cell pools show different patterns of reactivity on IFN-γ ELISpot assays, namely, (a) sole reactivity against CLL-associated antigens; (b) reactivity against hematopoietically restricted alloantigens; (c) reactivity against broadly expressed alloantigens; or (d) absent reactivity against the tested target cells.
Table 3
Reactivity to CLL-specific targets is induced by CLL/GM-K562 cell vaccination cohorts are required to determine whether these promising results of tumor-specific T cell activation will translate into a true clinical benefit for patients with advanced CLL. Supplemental Table 4 . PBMCs were isolated from whole blood specimens collected from study subjects with Ficoll-Paque PLUS (GE Healthcare) and stored in 10% DMSO in vapor-phase liquid nitrogen until further use. Clinical factor, chimerism, and immunophenotyping analyses were preformed using standard methods as described in the Supplemental Materials and Methods.
Methods
Generation of tissue targets for detection of T cell responses. CD5 + CD19 + tumor cells collected from patients were activated for 48 hours using CD40L-Tri (0.5 μg/ml) (42) in Iscove's modified Dulbecco's medium (IMDM) (Life Technologies) supplemented with 10% human AB serum (Gemini Bioproducts), 15 μg/ml gentamycin, and 2 ng/ml IL-4 (R&D Systems). Recipient PHA T cell blasts were generated by exposing recipient pre-HSCT PBMCs to 1% PHA (Life Technologies) in IMDM supplemented with 10% human AB serum and 10 mM HEPES (Life Technologies) for 72 hours and by subsequent expansion of the cells in the presence of 100 U/ml IL-2 (R&D Systems). Recipient fibroblast lines were generated by the Cell Culture Core lab of the Harvard Skin Disease Research Center from 5-mmdiameter skin punch biopsies and subsequently cultured in a 1:1 mixture of M199 and M106 medium containing 15% FBS, 10 ng/ml EGF, and 0.4 μg/ml hydrocortisone (EMD Millipore), as described (15) .
Detection of T cell responses. T cell responses were detected in cryopreserved CLL patient PBMC samples. PBMCs were thawed, seeded at 2 × 10 6 cells per well, and stimulated with 0.5 × 10 6 CD40L-activated irradiated CLL B cells per well and 10 ng/ml IL-7 (R&D Systems) for 1 week. IL-2 (100 U/ml; R&D Systems) was added on day 3 of culture. CD8 + T cells were isolated by magnetic cell sorting (Miltenyi Biotec) according to the manufacturer's instructions and rested overnight in IMDM supplemented with 20% FBS. ELISpot assays were performed using three different sources of irradiated autologous target cells (1 × 10 5 cells per well): recipient CD40Lactivated CLL B cells, recipient PHA T cell blasts, or recipient fibroblasts, which were coincubated with 1 × 10 5 CD8 + T cells per well in duplicate on ELISpot plates (EMD Millipore) for 24 hours. IFN-γ secretion was detected using capture (15 μg/ml) and detection (1 μg/ml) antibodies (Mabtech AB) and imaged on an ELISpot reader (ImmunoSpot Series Analyzer; Cellular Technology). For some study subjects, bulk CD8 + T cells were cloned by limiting dilution on feeder cells (irradiated allogeneic PBMCs [and 5:1 autologous EBV cells (15) in the case of T cells obtained from Patient 5] with 100 U/ml recombinant human IL-2 and 1% PHA) after confirming their CLL reactivity by IFN-γ ELIspot assays as described above. Following expansion, we performed ELISpot assays to test the clones (10 4 cells per well) for reactivity against irradiated CD40L-activated CLL B cells, PHA T cell blasts, or fibroblasts (5 × 10 5 cells per well).
Multiplexed cytokine analyses. We thawed and presensitized cryopreserved serial pre-and post-HSCT T cells in vitro with autologous tumor for 7 days, as described above. Subsequently, we restimulated samples overnight with a panel of tissue targets (described above). Supernatants were collected and cryopreserved at -80°C until analysis. We analyzed culture supernatants as well as standards in duplicates for various cytokines (GM-CSF, TNF-α, IL-2, and IL-10) using multiplex bead-based Luminex technology (Milliplex Map human cytokine/chemokine kit; EMD Millipore) according to the manufacturer's recommendations. In brief, microspheres, each with a unique spectral signature, were coated with specific cytokine capture antibodies. After incubation with the culture supernatant sample, we used a biotinylated detection antibody followed by a streptavidin-PE conjugate to detect captured cytokines. The fluorescence of each bead was measured with a Luminex 200-bead array instrument (Luminex), and the median fluorescence intensity for each cytokine was recorded. We calculated cytokine levels against the standards using Upstate BeadView software (EMD Millipore). Values below the minimal detectable concentration (MinDC) given by the manufacturer were set at 0 pg/ml (MinDC plus 2SD for GM-CSF, TNF-α, IL-2, and IL-10 is 0.1, 18.9, 0.6, and 0.5 pg/ml, respectively).
Statistics. A two-sided Wilcoxon rank-sum test was used to test for differences in donor chimerism, recovery of immune cell subpopulations, and T cell activation status, as well as for differences in the amount of secreted effector cytokines (IFN-γ, GM-CSF, TNF-α, IL-2, and IL-10) from CD8 + T cells in response to stimulation with autologous tumor cells, PHA T cell blasts, or fibroblasts between the three patient cohorts. To test for differences in effector cytokine secretion from CD8 + T cells obtained from VAX5-6, VAX1-3/GvHD, or control group patients in response to the three different target cell types, we used a 2-sided Wilcoxon signed-rank test. Differences were considered significant if P was less than 0.05. No adjustments were made for multiple comparisons.
Overall survival (OS) was calculated as the time from RIC allo-HSCT to death from any cause using the Kaplan-Meier method; those patients who were alive were censored at the date of their last follow-up visit. PFS was calculated from the time of HSCT to disease relapse, progression, or death from any cause, whichever occurred first and was censored at the date of the last follow-up visit using the Kaplan-Meier method. CR, PR, and SD were assessed by complete blood counts, CT scans, and bone marrow biopsy evaluation and were defined according to the National Cancer Institute Working Group criteria for CLL (43) . The cumulative incidence of acute or chronic GvHD was calculated from the time of HSCT to the time of GvHD with relapse/progression and death included as competing events.
Study approval. Our phase I clinical trial received approval from the IRB and biosafety committees of the Dana-Farber Cancer Institute/ Harvard Cancer Center, the National Institute of Health Recombinant DNA Advisory Committee (NIH RAC), and the FDA, and was registered at www.clinicaltrials.gov (NCT00442130). Informed written consent was obtained from all participants.
